suMMARY Treatment with captopril in resistant normotensive congestive heart failure is associated with a pronounced reduction in blood pressure, particularly after the first dose. The effects of this reduction on renal function were assessed in 10 patients at the beginning of and during chronic treatment (at one week and three months). Renal plasma flow and glomerular filtration rates were measured by isotope clearance during water diuresis. The first dose of captopril (25 mg) led to a pronounced fall in renal plasma flow and glomerular filtration rates together with a decrease in mean arterial pressure; this fall correlated with baseline plasma renin activity. These changes were paralleled by decreases in water and sodium excretion. In contrast, by the end of the first week of treatment a similar fall in mean arterial pressure occurred together with a pronounced increase in renal plasma flow; the glomerular filtration rate was maintained and there was no decrease in water and sodium excretion. This new response pattern recurred after three months of treatment.
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The difference in response at different stages of treatment may reflect the balance between the different mechanisms influencing kidney dynamics in heart failure and their alteration by converting enzyme inhibition. The sustained increase in renal plasma flow during chronic treatment with captopril may account for the continued control of heart failure in these patients.
It is widely accepted that reduced cardiac output in heart failure activates multiple homeostatic mechanisms that serve to maintain blood pressure and preserve organ perfusion.'-9 These mechanisms, however, may result in a further reduction in cardiac output and persistence of circulatory failure. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Interruption of this cycle with vasodilator treatment has resulted in both clinical and circulatory improvement. '6-23 In particular, an appreciable improvement in renal haemodynamics has been reported with the use of alpha blockers,'6-'9 hydralazine,2022 nitroprusside,20 and captopril. 2324 Recendy, however, considerable concern has arisen over the possible deleterious effect on renal function of a reduction in renal perfusion pressure by captopril, particularly in patients with congestive heart failure25 26 and renovascular disease.27-30 The obvi-64 STUDY PROTOCOL Previous vasodilator treatment was stopped gradually whereas the diuretics and digoxin doses were kept constant. Patients were given a controlled diet as soon as they were admitted to hospital. After two to three days of stabilisation, all patients received a 2 g sodium diet. After an equilibration period of four to five days systemic haemodynamic indices were measured using radionuclide dilution curves using the Stewart Hamilton formula for cardiac output determination as described below. On the next day, renal haemodynamic indices were measured before and for two hours after the first dose of captopril (25 mg orally). Subsequently, the patients received 25 mg captopril three times daily. At the end of a week, while the patients were still taking the same controlled diet in hospital, systemic haemodynamic indices were measured two hours after their early morning dose of captopril. Renal function was re-evaluated on the next day-10 to 12 hours after the last dose of captopril. After the baseline renal measurements had been determined the next dose of captopril (25 mg) was given and measurements were repeated for two hours. The patients were then followed closely in the outpatient department, care being taken to maintain stable doses of digitalis, diuretic agents, and captopril. The patients were advised to continue the 2 g sodium diet.
Two to four months later (mean three months) the patients were readmitted to hospital and the same procedure was repeated. Systemic haemodynamic indices were measured on one day two hours after the morning daily dose of captopril; the next day the renal studies were performed at the same hour of the morning as previously (10 to 12 hours after the last captopril dose), and renal measurements were repeated for two hours. Body weight and urinary electrolyte excretion were measured daily in all patients throughout their stay in hospital.
HAEMODYNAMIC MEASUREMENTS
Systemic measurements were performed in the morning after an overnight fast-except for medicationsand after resting supine for 30 minutes. Cardiac output and pulmonary mean transit time were determined in duplicate from radionucide first pass dilution curves31; heart rate was determined from the electrocardiogram (lead II), and blood pressure using a sphygmomanometer. Ejection fraction was determined by the gated blood pool technique32 using the equilibrium phase of the same circulating isotope (technetium-99m labelled human "serum" albumin). Renal haemodynamic indices, glomerular filtration rate, and electrolyte excretion were measured in the morning four to six hours after the last dose of digitalis and diuretics; captopril was withheld for 10 to 12 hours before the studies at the end of the first week (week 1) and third month (month 3) of followup. Patients were given water 15 ml/kg by mouth over one hour and allowed sufficient time to develop a water diuresis. Urine was collected with a bladder catheter and all urinary losses were replaced with distilled water by mouth. Glomerular filtration rate and renal plasma flow were measured by determining the clearance of iodine-125 radiolabelled iothalamate and iodine-132 radiolabelled hippuran respectively. After a priming dose of 0.5 ,uCi (0.02 MBq) per kg body weight of both isotopes iothalamate was infused at a constant rate of 0*25 uCi/min (0.01 MBq/min) and hippuran at 0.5 ,uCi/min (0.20 MBq/min) throughout the study. The isotopes were dissolved in 5% dextrose, and the rate of infusion was 1-0 ml/min. To avoid radioiodine uptake by other organs 10 drops of Lugol's solution were given by mouth 12 to 18 hours before the test. Serum and urine concentrations of each isotope were determined by isotope scintillation counting in a double well gamma counter with correction for spillover from Is31 to I125. Serum concentrations were determined at the beginning and at the end of each urine collection.
After a 45 minute equilibration period urine was collected during two 30 minute control periods. Thereafter, 25 
Calculations
Variation about the mean of the replicate values for the two control periods in the present study was 5-6% for the glomerular filtration rate and 5*8% for renal plasma flow (ERPF). Renal blood flow (RBF) was calculated from the following formula and expressed in 1/min: RBF=ERPF/(l-Hct).
Renal vascular resistance (RVR) was calculated as RVR=MAP/RBF where MAP (mean arterial pressure) was calculated from all the arterial pressures measured during a collection period.
ANALYTICAL METHODS
Isotope concentration was determined by a double well scintillation counter. Sodium and potassium concentrations (mmol (mEq)/l) were determined by flame photometry; serum and urine osmolarity were determined by an Advanced Instruments osmometer. Plasma renin activity was estimated by radioimmunoassay of angiotensin I generated during incubation of 1 Tables 1 and 2 , which also give the normal values for our laboratory. Cardiac index was reduced, pulmonary mean transit time prolonged, and ejection fraction impaired. Renal blood flow was reduced but glomerular filtration rate was little changed, reflecting an increased filtration fraction. Both effective renal plasma flow and glomerular filtration rate correlated with cardiac output (r=0*81, p<0*01, and r=0*69, p<0-05 respectively).
Plasma renin activity was increased in eight patients and low in two despite prolonged diuretic treatment and chronic decompensated congestive heart failure. Plasma aldosterone and plasma noradrenaline concentrations were increased. Blood volume varied from 85-7/o to 155% of normal. None of these measurements correlated with systemic haemodynamic or renal function indices. Taken together pretreatment measurements indicated systemic and renal vasoconstriction associated with stimulation of the renin angiotensin system and an increase in circulating catecholamines.
FIRST DOSE EFFECTS
The peak effects of captopril on renal haemodynamic indices occurred 60 to 90 minutes after oral administration. This variation in time to peak effect in different patients could possibly be due to variable rates of drug absorption. The data reported are therefore Absorption of the drug and biochemical evidence of its action was shown by a reduction in angiotensin converting enzyme activity (76±7 to 28+6 nmol/ml/ h, p<0.01), an increase in plasma renin activity (7.4±+1.7 to 39*7±10 ng/ml/h (5*6±1*3 to 30*5+7*6 mmol/lIh), p<0.01), and a reduction in plasma aldosterone concentrations (28± 4 to 23±5 ng/dl (0.8±0.1 to 0-7±0*2 nmol/l), p<0-05).
Systemic haemodynamic indices
The first dose of captopril led to a pronounced fall in mean arterial pressure (Table 3) with no appreciable change in heart rate. In the three patients studied using the thermodilution technique the reduction in blood pressure was accompanied by a decrease in peripheral resistance (46+ 5-4 u/M2 to 33±4 u/nM2) and an increase in cardiac output (3.08+0-3 /min to 3*8+0 2 1/min).
Renal function Individual changes in mean arterial pressure and renal plasma flow are shown in Fig. 1 . Whereas mean arterial pressure fell in all patients renal plasma flow decreased in eight and increased in two. The decrease in glomerular filtration rate was more pronounced than the reduction in renal plasma flow (Table 3) , and as a result the calculated filtration fraction decreased.
These changes were associated with a pronounced decrease in urinary flow rate and in water and electrolyte excretion.
Both the percentage change in renal plasma flow and the percentage change in glomerular filtration rate correlated with the percentage change in mean arterial pressure (r=0.70 and 0.64 respectively, p<0-05 for both). Baseline plasma renin activity correlated significantly with the peak effect of captopril on mean arterial pressure (r= -0-63, p<0.05), renal plasma flow (r=-0.85, p<0-01), and glomerular filtration rate (r= -0-79, p<0-01). One patient (Fig. 2) showed progressive azotaemia in the first three days of maintenance treatment with captopril associated with hypotension. Stopping captopril in this patient led to the recovery of renal function and natriuresis. A repeat challenge with the drug three weeks later led to a similar response; captopril treatment in this patient was therefore stopped.
EFFECT OF MAINTENANCE TREATMENT FOR ONE WEEK
Sodium excretion during the first week Mean sodium excretion gradually rose after several days of treatment. The time delay for this to occur varied among patients (Fig. 3) . For the group as a whole sodium excretion was unchanged during the first five days of treatment; an appreciable natriuresis occurred thereafter (Fig. 4) .
Systemic haemodynamic indices
After 
Renal function
Twelve hours after the last dose of captopril angiotensin converting enzyme activity (72-3+7.4 nmol/ml/h) and plasma renin activity (13-7+3-3 ng/ml/h (10-5+ 2.5 nmol/l/h)) were not different from preMujais, Fouad Administration of a single dose of captopril 25 mg orally (Table 3) reduced mean arterial pressure but again increased effective renal plasma flow; glomerular filtration rate was minimally altered (Table 3) . Urine flow increased and free water clearance and urinary sodium excretion remained constant, which is similar to the pattern seen at one week.
Discussion
This study was designed to evaluate the effects of blood pressure reduction by captopril on renal function and to elucidate the possible role of renal mechanisms in the clinical improvement of cardiac failure seen during treatment with captopril. Our results indicate that the initiation of converting enzyme inhibition is often associated with a deterioration in renal blood flow and glomerular filtration rates and a reduction in water and electrolyte excretion rates. This association appeared to be closely related to the fall in systemic blood pressure, which was itself correlated with pretreatment values of plasma renin activity. In our patients blood pressures were relatively low, probably near the lower range of renal autoregulation in man. A further decrease may well have lowered perfusion pressures below the limits of effective Renal haemodynamics in heart failure autoregulation at which the flow becomes directly related to the perfusion pressure. Patients with severe congestive heart failure may be particularly sensitive to blood pressure reduction because of the intrarenal distribution of blood flow which favours juxtamedullary rather than cortical nephrons. Under conditions of reduced perfusion pressure, the renin content of all glomeruli, including the deep nephrons, increases.3940 These deep nephrons are thought to be less able to autoregulate flow and hence may be especially vulnerable to falls in perfusion pressure, as seen in this study.
Our findings contrast with the small changes seen at comparable levels of pressure during nitroprusside infusion.20 This contrast implies that factors other than pressure alone were playing a role in the renal response to converting enzyme inhibition. Intrarenal angiotensin II may protect glomerular filtration in the face of sodium depletion4142 and circulatory failurel 20 by acting preferentially on efferent arterioles and increasing the filtration fraction.4344 A fall in systemic blood pressure and interruption of efferent arteriolar constriction by angiotensin II would appreciably lower glomerular transcapillary hydrostatic pressure and reduce filtration. Furthermore, suppression of renin-angiotensin activity appears to impair glomerular autoregulation. 26 Whatever the exact mechanism the fall in renal perfusion may cause appreciable clinical azotaemia as shown in at least one patient (Fig. 2) Recovery and improvement in renal haemodynamic indices and function were evident by one week and at two to four months of treatment with captopril. These 69 changes were associated with an improvement in cardiac index. Similar decrements in blood pressure in response to the same (25 mg) dose of the drug were associated with a well maintained glomerular filtration rate, water and electrolyte excretion, and an actual increase in measured renal plasma flow. These laboratory findings were supported by the clinical improvement noticed in the symptoms related to congestive heart failure, the clearing of oedema, and the improvement in systemic haemodynamic function. During chronic treatment stable weights were maintained despite higher daily sodium excretion, indicating that the patients were able to achieve sodium balance and effective natriuresis despite lower arterial pressures and a higher sodium intake than previously.
Differences between the first dose effects of converting enzyme inhibition and those after long term treatment suggest that an alteration had occurred in the balance of forces determining renal function.
Although the sustained moderate rise in cardiac output was associated with a relatively stable ratio of renal blood flow to cardiac output, there was no obvious direct relation between changes in renal blood flow and in cardiac output during treatment. The complex pattern of findings in this study underlines the importance of sequential determinations of renal and systemic haemodynamic indices in the evolution of cardiac decompensation and its response to treatment. The multiplicity of factors evident in the long term follow up of patients undergoing These studies show that haemodynamic indices and renal function deteriorate transiently immediately after the inhibition of angiotensin converting enzyme in patients with refractory normotensive congestive heart failure. Some renal adaptation to allow natriuresis and restore glomerular filtration then appears to develop since chronic treatment led to clinical and renal functional improvement despite the lowered blood pressure. Failure to achieve such an adaptation may rarely prove to be a limiting factor to such treatment, in which case progressive prerenal azotaemia could preclude the successful use of captopril.
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